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ABSTRACT:  Bioacidic erosion from microbial activity threatens concrete infrastructure in sewage sys-
tems. This study evaluated the durability of four cementitious materials under simulated bioacid 
attack for 120 days. Results indicated that Ultra-High Performance Concrete (UHPC) exhibited supe-
rior resistance, with mass loss of 0.17% and compressive strength loss of 7.54%, representing reduc-
tions of 95.15% and 72.07% compared to Ordinary Portland Cement (OPC), respectively. 
Microstructural analysis revealed that UHPC’s dense matrix (total porosity of 8.6% versus 23.86–
34.13% for other materials) and ettringite formation contributed to its enhanced stability. In contrast, 
Alkali-Activated Slag (AAS) and Calcium Sulfoaluminate Cement (CSA) exhibited cracks and voids, 
indicating poor durability. The corrosion mechanisms varied among materials: UHPC resisted sulfate 
attack through its dense microstructure; CSA suffered from ettringite instability; AAS degraded via 
calcium aluminate hydrate decomposition; and OPC showed severe structural deterioration. These 
findings demonstrate that UHPC possesses significant potential as a high-performance protective 
material for sewage infrastructure applications.
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1 Introduction

With the accelerating trend of global urban-
ization, the discharge of domestic sewage has 
exhibited exponential growth, thereby posing an 
unprecedented dual threat to both the ecological 
environment and public health. In this context, 
advanced sewage purification technology has 
gradually emerged as the key to overcoming the 
current challenges. Concurrently, the construction 
scale of sewage collection and treatment facilities 
has been continuously expanding, with the con-
struction of sewage pipe networks and treatment 
plants being propelled to the forefront of urban 
infrastructure development. By 2024, U.S. cities 
had established a vast sewage system compris-
ing approximately 16,000 wastewater treatment 
plants and 800,000 miles of sewers [1, 2]. Euro-
pean countries have approximately 50,000 sew-
age treatment plants and a combined drainage 
system length of nearly 700,000 km [3]. Cement 
concrete materials are extensively utilized in the 
construction of sewage infrastructure, attributed 
to their exceptional mechanical properties, high 
moldability, and relatively moderate costs [4]. 

Nevertheless, within the specialized context of 
sewage environments, microbial activity pro-
gressively supersedes conventional physical and 
chemical factors as the primary contributor to 
concrete structural degradation [5]. Microbi-
ally induced concrete corrosion has emerged as 
a rampant issue, entailing substantial economic 
losses and posing significant public safety hazard 
[6–8]. For instance, in Belgium’s Flanders region, 
the estimated cost of sewer maintenance indicates 
that biocorrosion alone can incur expenses of up 
to 5 million euros annually. In the United States, 
repairing or replacing deteriorated sewer infra-
structure costs over $3 billion annually, affecting 
up to 4600 miles of pipelines [9]. Similarly, Aus-
tralia estimates annual losses of AUD 250 million 
due to water and wastewater transport network 
failures [10]. Furthermore, the biodegradation of 
concrete significantly diminishes the service life 
of concrete-based wastewater treatment facilities, 
potentially shortening it to 30–50 years [11].

In response to this global challenge, extensive 
research has been conducted to elucidate the cor-
rosion mechanisms of microbially induced con-
crete degradation. Studies have demonstrated that 
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the deterioration of concrete in sewage systems 
is ultimately the result of a complex chain of 
chemical and biochemical reactions. In the early 
stages of sewage exposure, heterotrophic bacte-
ria and fungi initially proliferated on the surfaces 
of sewer walls and settling layers where organic 
matter accumulates. Through anaerobic respira-
tion, organic matter is metabolized into carbon 
dioxide and weak acids. Concurrently, Sulfate- 
Reducing Bacteria (SRB) reduce sulfate ions 
present in sewage to gaseous Hydrogen Sulfide 
(H2S) within anaerobic microenvironments. Once 
hydrogen sulfide is released into the sewer space, 
it penetrates concrete pores via gas-phase diffu-
sion and dissolution. In concrete prepared with 
OPC, the pore solution exhibits a pH value as high 
as 13.5, indicative of its strongly alkaline nature 
[12]. This highly alkaline environment initiates 
chemical acid-base neutralization reactions, with 
hydrogen sulfide acidification reactions primar-
ily driving a gradual local pH decrease. When 
the pH decreases to approximately 9.5, Neutral  
Sulfur-Oxidizing Bacteria (NSOB) begin to colo-
nize the concrete surface. Under oxygen-rich con-
ditions, these bacteria thoroughly oxidize sulfides 
to Sulfuric Acid (H2SO4), generating intermediate 
products such as elemental sulfur, polysulfides, 
and thiosulfates [13]. As biosulfuric acid pro-
duction increases, Acidophilic Sulfur-Oxidizing 
Bacteria (ASOB) can proliferate in acidic environ-
ments (pH ≤ 4). Like NSOB, ASOB continuously 
produces biosulfuric acid during aerobic respira-
tion, which is recognized as a primary contribu-
tor to concrete structural deterioration [14–16]. 
Over time, acidic substances infiltrate and erode 
the concrete matrix, inducing the dissolution 
of hydrated cement compounds (e.g., calcium 
hydroxide CH, hydrated calcium silicate C-S-H) 
and facilitating the formation of sulfate miner-
als, including gypsum and ettringite. This leads 
to a substantial crystallization pressure within the 
concrete, ultimately compromising its structural 
integrity [17–19].

Microbially induced concrete corrosion involves 
coupled chemical and biochemical reactions. Bac-
teria, fungi, and their metabolites synergistically 
accelerate the degradation of concrete structures. 
Concrete corrosion caused by biological sulfuric 
acid has become a key focus in current materi-
als science research. Currently, microbial erosion 
testing methods for concrete materials are cate-
gorized into on-site in-situ testing and labora-
tory simulation experiment [20, 21]. Field in-situ 
experiments are constrained by the complex 
variables of natural sewer environments, pro-
longed reaction cycles, and high reproducibility 
challenges [22]. In contrast, laboratory simula-
tion experiments, which precisely apply sulfu-
ric acid (from biological or chemical sources, or 
both), provide a controlled approach to elucidate 
the corrosion mechanisms of concrete induced by 
microorganisms in natural environments, with 
results exhibiting high applicability [23–25]. 

However, bacterial cultivation methods are lim-
ited by a prolonged acid production cycle [26]. 
Nevertheless, simulated biological corrosion of 
concrete matrix using sulfuric acid in laboratory 
settings has been widely accepted by the academic 
community [27–29]. In this study, sulfuric acid 
served as the simulated acid source.

Currently, numerous researchers are investi-
gating the acid durability, mechanical properties, 
pore structure evolution, and surface corrosion 
characteristics of various cementitious materi-
als under simulated biological acid attack. These 
cutting-edge research findings provide a robust 
foundation for enhancing the service life and 
reliability of cementitious materials in aggressive 
environments. Thiobacillus metabolic activity and 
the acid source are inhibited and neutralized by 
aluminate cement, thereby establishing a robust 
defense against bio-acid erosion, as confirmed 
by Ding et al. [30]. In their in-situ sewer experi-
ments, Bakera and Alexander [31] demonstrated 
that CSA exhibits superior acid resistance com-
pared to sulfate-resistant Portland cement. This 
superiority is attributed to its primary hydration 
products, ettringite and Aluminum Hydroxide 
(AH3), which possess exceptional acid resistance. 
The OPC/CSA composite cementitious system also 
demonstrates significant potential to enhance the 
cement matrix’s resistance to sulfuric acid corro-
sion. The formation of a dense protective layer 
through pore-filling with C-(A)-S-H gel in AAS 
was highlighted by Lee and Lee [32], which con-
tributes to its superior resistance to water and acid. 
Presently, research on cementitious material cor-
rosion in simulated biological acid environments 
remains relatively limited. Most existing studies 
focus on traditional Portland cement concrete, 
composite cement concrete, and gypsum-based 
cement concrete, with limited attention to UHPC 
[33–36]. Furthermore, comparative studies across 
different cementitious materials under simulated 
biological acid conditions are nearly non-existen 
[37]. Consequently, systematic analyses of dura-
bility and microstructural responses of various 
cementitious materials under acid erosion are 
essential for informed material selection and opti-
mal wastewater treatment facility design.

This study investigates four cementitious mate-
rials of UHPC, AAS, CSA, and OPC to evaluate their 
durability and track microstructural evolution 
under simulated acid solution erosion. Through 
precise control of immersion time (30, 60, 90, and 
120 days), the study comprehensively assesses 
concrete durability attenuation via appearance 
characterization, mass loss quantification, and 
erosion coefficient calculations. Additionally, a 
thorough investigation into the concrete degra-
dation mechanisms is performed using advanced 
characterization methods such as Thermogravi-
metric Analysis (TGA), Scanning Electron Micros-
copy (SEM), Mercury Intrusion Porosimetry (MIP), 
and X-Ray Diffraction (XRD) analysis. This study 
aims to address the research gap in cementitious 
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materials subjected to biological acid erosion and 
offers theoretical insights and practical guidance 
for the long-term operation and maintenance of 
wastewater treatment facilities.

2 Materials and methods

2.1 Raw materials
The raw materials used in this experiment 
included OPC, CSA, GGBS, and UHPC. Ordinary 
Portland cement (P·O 42.5) was sourced from 
Hubei Huaxin Cement Co. Rapid-setting sulfur- 
aluminate cement (R·SAC 42.5) was obtained from 
Jiangxi Golden Eagle Building Materials Co. The 
UHPC commercial masterbatch used in this study 
was also procured from Hubei Huaxin Cement Co., 
Ltd., China. The oxide compositions of OPC, CSA, 
GGBS and UHPC are shown in Table 1. The simu-
lated acid solution was prepared using 98% con-
centrated sulfuric acid, a chemical reagent with a 
mass fraction produced by Sinopharm Chemical 
Reagent Co., Ltd. The sodium hydroxide used is 
a white solid powder. The water glass utilized in 
this study was a pale yellow liquid, with a mod-
ulus of 3.3 and a solid content of 40%. The high-
range water reducer employed in the experiment 
was a high-efficiency polycarboxylic acid powder 
PCE superplasticizer.

2.2 Proportioning and sample preparation
In the experimental design for simulated bio-acid 
attack, four cementitious systems were investi-
gated: OPC, CSA, AAS, UHPC. The detailed mix 
proportions of the mortars used are presented in 
Table 2. The mortar specimens were prepared as 
40 mm × 40 mm × 40 mm cubes by pouring the 
mixtures into molds and compacting them on a 
vibrating table. Following demolding, the mortar 
cubes were cured in a standard curing room for 
28 days.

After 28 days of curing were submerged in 
a simulated acid solution with a pH of 2. Each 
sample was positioned with a minimum spacing 
of 3 cm to ensure uniform exposure, and spacers 
were placed underneath them. Additionally, the 
solution was replaced every two weeks to main-
tain a stable pH throughout the immersion period. 
Changes in the surface appearance and mass of 
each type of mortar sample were recorded after 
30, 60, 90, and 120 days of immersion.

2.3 Test methods
2.3.1 Mass loss rate
Upon reaching the soaking cycle, the mortar 
specimen is subjected to drying in a constant- 
temperature oven maintained at 30°C for a 
duration of 6 h. Subsequently, the mass of the 
specimen is accurately measured utilizing a 
high-precision electronic scale, which possesses 
a precision level of 0.01 g. The mass loss rate of 
the mortar specimens, ΔM, was calculated using 
the formula:

	 ∆M %= ( ) − ( )
( ) ×

M M
M

ng g
g

100 � (1)

where: ∆M is the mass loss rate of mortar after 
periodic immersion, %; Mn is the mass of mortar 
specimen after periodic immersion, g; M is the 
initial mass of mortar specimen before immer-
sion, g.

2.3.2 Coefficient of erosion
When the mortar specimens reached the age of 
immersion, they were removed and placed at room 
temperature to dry. The compressive strength test 
was carried out using DYE-300A compressive 
testing machine, the loading speed of the press 
was 2.4 kN/s. The average value of 3 valid speci-
mens was taken as the final compressive strength. 

Table 1  Chemical composition of OPC, CSA, GGBS and UHPC

Sample CaO SiO2 Al2O3 Fe2O3 MgO Na2O MnO P2O5 SO3 LOIa

OPC 65.1 21.1 4.1 3.1 1.53 0.08 0.19 0.25 1.26 2.28

CSA 42.25 6.86 36.46 2.28 1.33 0.22 – – 8.82 0.67

GGBS 36.52 38.35 10.88 0.52 8.77 0.49 1.25 – – 0.26

UHPC 58.22 25.03 6.36 3.18 2.39 0.448 0.128 0.980 2.29 2.4

Note: LOIa is the amount of loss on ignition at 1000°C; GGBS is used only as a raw material for AAS, not as an independent 
testing group.

Table 2  Baseline mix ratios for mortars prepared with various cementitious materials

Sample W/B (ratio) B/S (ratio) PCE (%) NaOH (%) Na2SiO3 (%)

OPC 0.4 1:2 – – –

UHPC 0.175 1:1.1 8 – –

CSA 0.4 1:2 – – –

AAS 0.4 1:2 – 3 15

Note: W/B is water-binder ratio, B/S is binder-aggregate ratio; Sodium hydroxide, sodium silicate is based on mass of the 
binder (GGBS).
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The erosion coefficient K of the mortar specimen 
was calculated by the formula:

		  K F
F
s

w

= ×100% � (2)

where: K is the erosion coefficient; Fs is the com-
pressive strength of mortar specimens after the 
specified age of acid immersion in MPa; and Fw is 
the compressive strength of specimens in the con-
trol group of the clear-water experiments under 
the same immersion period in MPa.

2.3.3 X-Ray diffraction
The samples were soaked in ethanol, oven dried 
at 50°C for 24 h, ground into powder and sieved 
through a 75 μm screen. A D8-Advance X-ray 
diffractometer was used to test the surface sam-
ples of selected soaked specimens. The goniome-
ter radius was set at more than 200 mm, with a 
scanning range of 5° to 80° and a scanning speed 
of 10°/min.

2.3.4 Thermal analysis
Thermogravimetric analysis was carried out using 
STA449F3 thermogravimetric analyzer. About  
50 mg of powder samples were selected for test-
ing, nitrogen was used as the protective gas, and 
the test temperature range was 40–1000°C with a 
temperature increase rate of 10°C/min.

2.3.5 Fourier transform infrared spectral analysis
Fourier Transform Infrared Spectroscopy (FTIR) 
was used for analysis. The dried specimen sur-
face samples were ground and mixed with potas-
sium bromide in the ratio of 1:100 for tableting.  
The wavelength range of the test was 4000 cm−1–
400 cm−1; the minimum precision was 1 cm−1, and 
the sample and potassium bromide were weighed 
by a scale with an absolute precision of 0.1 mg. 
The room temperature was maintained at 20 ± 
2°C and the relative humidity was less than 50%.

2.3.6 Mercury intrusion porosimetry
Flake samples at a location of 5 mm from the 
surface of the mortar specimens were selected 
for drying, after which the samples were cut to a 
size of 1.0–1.5 cm. Mercury Intrusion Porosime-
try of the corroded mortar specimens was carried 
out using a Poremaster-60 pore gauge. The low-
pressure test range of the pore structure analyzer 
was set to 0~40 Psia, and the high-pressure test 
range was set to 0~60,000 Psia; the contact angle 
was set to 140°.

2.3.7 Scanning electron microscope-energy 
dispersive spectrometer
A scanning electron microscope (FE-SEM, 
QUANTA FEG 450) was used to observe the 
microscopic morphology. Before testing, the sam-
ples were bonded with conductive adhesive on 
the surface, fixed on the sample base and sprayed 
with gold under vacuum environment. During 

the analysis of the morphology of the corrosion 
layer, the mortar corrosion layer specimens were 
face swept using an Energy Dispersive Spectrom-
eter (EDS). The EDS was operated by a Link-Isis 
(Oxford Instruments) X-ray energy dispersive 
detector for chemical compositional analysis.

3 Results and discussion

3.1 Visual appearance
Surface morphology serves as a critical param-
eter for assessing the progression of acid corro-
sion, providing direct visual evidence of corrosion 
product formation and surface degradation pat-
terns. The appearance of four mortar specimens 
immersed in a simulated acid solution changed 
over a period of 0 to 120 days, as illustrated in 
Figure 1. The mortar specimens subjected to acid 
attack exhibited deterioration, with white corro-
sion products forming on their surfaces. This phe-
nomenon indicates the formation of gypsum, a 
product of the acid attack process [38–40]. Fol-
lowing 120 days of exposure to simulated acidic 
conditions, the UHPC specimens exhibited min-
imal surface deterioration while retaining their 
structural integrity. The specimens demonstrated 
no observable surface spalling and remained 
crack-free throughout the testing period. Fol-
lowing 90 days of acid exposure, OPC specimens 
exhibited a marked increase in surface rough-
ness, attributable to the progressive detachment 
of corrosion-induced particulate matter. Extended 
exposure to acidic conditions (120 days) resulted 
in substantial surface deterioration, with pro-
nounced cracking and pore formation evident 
in both AAS and CSA cement specimens. This 
phenomenon can be attributed to the formation 
of gypsum as an expansive byproduct, which 
increases the solid volume and consequently gen-
erates elevated internal pressure [41]. The UHPC 
mortar specimens demonstrated superior surface 
integrity and morphological stability under acidic 
conditions compared to specimens from the three 
alternative cementitious systems. This perfor-
mance disparity stems from the superior densifi-
cation characteristics of the UHPC matrix, which 
significantly impedes sulfate ion migration by 
minimizing transport pathways [42].

3.2 Mass loss rate
This study systematically investigated the acid 
resistance of four cementitious systems to eval-
uate their long-term durability under aggressive 
chemical exposure. The mass changes of four 
mortar samples exposed to simulated acid solu-
tion for 0–120 days are shown in Figure 2a, 
where mass loss is denoted by negative values, 
indicating an increase in mass. During the initial 
immersion period, all four cementitious systems 
exhibited measurable mass gain when exposed to 
the simulated acidic environment. The observed 
mass increase likely results from two concur-
rent mechanisms: (1) acidic decomposition of 

92   ZKG 79(3) 2026� www.zkg.de



Calcium Hydroxide (Ca(OH)2) hydration products 
by hydrogen ions (H+), and (2) subsequent precip-
itation of gypsum (CaSO4·2H2O) through reaction 
between liberated calcium ions (Ca2+) and sulfate 
ions (SO4

2−) at the specimen surface or within pore 
structures. This secondary phase formation con-
tributes to net mass gain due to gypsum’s low sol-
ubility. Furthermore, ongoing cement hydration 

contributes significantly to the observed mass 
gain, as continued formation of hydration prod-
ucts increases the solid phase volume within the 
cementitious matrix [43]. Following 120 days of 
immersion in a simulated sulfuric acid solution, 
the measured mass loss rates followed the order: 
UHPC (0.17%) < CSA (1.03%) < AAS (1.5%) < OPC 
(3.51%). Notably, the UHPC specimens exhibited 

Figure 1  Appearance morphology of different types of mortar specimens after 120 days of simulated acid erosion 

Figure 2  (a) Mass variation of mortar specimens following 120 days of simulated acid erosion; (b) Comparative analysis 
of quality loss in different studies 
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superior acid resistance, as evidenced by their 
significantly lower mass loss compared to other 
cementitious systems. This enhanced performance 
can be attributed to the optimized particle pack-
ing in UHPC, where the fine aggregates effectively 
reduce porosity through a dense microstructural 
arrangement, thereby limiting acid penetration 
pathways. Concurrently, a pozzolanic reaction 
between supplementary cementitious materials 
and calcium hydroxide (Ca(OH)2) generated addi-
tional C-S-H gel, thereby reducing overall poros-
ity and enhancing microstructural density [44]. 
Consequently, following exposure to high sulfate 
concentrations, the UHPC matrix maintains min-
imal mass loss, demonstrating exceptional chem-
ical stability in aggressive sulfate environments.

Compared to Figure 2a, 2b illustrates the mass 
changes of four mortar samples subjected to sul-
furic acid erosion across various studies. The sig-
nificant variance in literature data stems from 
variations in experimental conditions, such as 
acid type and concentration, differences in mate-
rials’ composition and origin, and disparities in 
testing methodologies. These factors collectively 
influence the mass loss rate and erosion coeffi-
cient of the materials. Analysis of the data reveals 
the following ranges of mass change for the dif-
ferent mortar types under study: for AAS, the 
range is from −0.09% to 2.5% [45–48]; for CSA, 
from 0.12% to 1.32% [49–52]; for OPC, from 
−1.61% to 4.28% [50, 53–55]; and for UHPC, the 
range is relatively narrow, from 0.03% to 0.17% 
[56]. UHPC exhibited the lowest mass loss across 
all studies, thereby further validating its supe-
rior durability in acid-aggressive environments. 
This finding indicates that UHPC possesses bet-
ter corrosion resistance and the lowest mass loss 
rate compared to other materials in sulfuric acid 
environments.

3.3 Coefficient of erosion
Based on prior research, variations in the com-
pressive strength of mortar cubes serve as a reli-
able indicator of their acid resistance [57]. This 

deterioration is attributed to a process called 
“softening” process. The acid attack progressively 
degrades the surface layer of the mortar specimen, 
consequently diminishing its load-bearing capac-
ity and compressive strength. This “softening” 
process is facilitated by the formation of gypsum 
erosion products on the surface of the cube [58]. 
At this stage, the mass of all mortar specimens 
continued to increase. This was attributed to the 
ongoing diffusion of SO4

2− from the acidic solution 
into the interior of the mortar, which further trig-
gered the sulfate erosion reaction. The change of 
erosion coefficient of mortar samples immersed in 
simulated acid solution for 120 days is depicted in  
Figure 3a. As indicated by the results presented 
in the figure, the mortar specimens subjected to 
acid erosion exhibited varying degrees of deterio-
ration. As the acid immersion duration increased, 
the specimens exhibited progressive reduction in 
compressive strength. The accelerated decline in 
erosion coefficient directly correlates with dete-
riorating load-bearing capacity, demonstrating 
the cumulative damaging effects of acid attack on 
mechanical properties. Further analysis indicates 
that the erosion coefficient decreases significantly 
over time, suggesting that the acid resistance 
of the material deteriorates progressively with 
increasing immersion duration. Following 120 
days of acid exposure, the specimens exhibited 
significant reductions in erosion resistance, with 
residual coefficients of: UHPC (92.46%), AAS 
(83.63%), CSA (87.63%), and OPC (72.69%)— 
representing decreases of 7.54%, 16.37%, 12.37%, 
and 27.31% from their initial values, respectively. 
These results demonstrate a significant variation 
in the acid resistance properties among the differ-
ent material systems. Specifically, UHPC exhibited 
the best acid resistance, while OPC showed rela-
tively poor acid resistance. This finding is consis-
tent with the observed changes in appearance and 
mass loss of the mortar samples. The enhanced 
acid resistance of UHPC primarily stems from 
its incorporation of silica fume (SF) and fly ash 
(FA). These supplementary cementitious materials 

Figure 3  (a) Erosion coefficient changes of various mortar specimens after 120 days of simulated acid erosion;  
(b) Comparative analysis of compressive strength across different studies 
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participate in pozzolanic reactions, generating 
additional C-S-H gel that significantly improves 
microstructural densification and reduces per-
meability. However, as acid erosion progresses 
further, the C–S–H gel is consumed in large 
quantities. This leads to the internal softening of 
the cementitious matrix and a reduction in the 
bonding force, thereby resulting in a decrease in 
mortar strength. Both the CSA and AAS systems 
exhibited superior initial acid resistance com-
pared to conventional OPC. In the CSA system, 
the primary hydration products—AFt and AH3 
possess relatively low chemical reactivity in acidic 
environments, attributed to their stable crystal-
line structures. This inherent stability enhances 
the material’s durability during early-stage acid 
exposure. The CSA system undergoes hydration 
without forming portlandite (Ca (OH)2), and its 
predominant hydration products exhibit lower 
chemical reactivity with acidic solutions compared 
to conventional cement phases. This distinctive 
chemistry confers superior initial acid resistance 
during the early stages of immersion. However, 
under prolonged acid exposure, AFt in the CSA 
mortar undergoes progressive transformation to 
CaSO4·2H2O. This phase transition induces crys-
tallization pressure within the matrix, generat-
ing internal stresses that ultimately compromise 
the material’s structural integrity and mechani-
cal strength [59]. The AAS material system con-
tains a high concentration of alkaline ions, which 
is attributed to the introduction of strong alka-
line activators. These ions can partially neutral-
ize the acidity of the solution, thereby retarding 
the corrosion process. Slag, characterized by its 
high vitreous silica-alumina content, exhibits 
strong early-stage reactivity when activated by 
alkaline solutions. While this promotes rapid for-
mation of hydration products, the resulting chem-
ical shrinkage and self-desiccation often induce 
microstructural stresses that manifest as late-
stage shrinkage cracking in the hardened matrix. 
Microcracks facilitate the diffusion of SO4

2−, 
thereby exacerbating the transformation of AFt 
and increasing the risk of swelling and cracking 
[45]. “During advanced stages of acid exposure, 
the AAS system exhibited marked deterioration, 
as evidenced by a substantial reduction in ero-
sion resistance. This accelerated degradation sug-
gests depletion of the material’s alkaline buffering 
capacity and progressive breakdown of its alu-
minosilicate network under sustained acidic con-
ditions. For OPC materials, the acid reacts with 
Ca (OH)2 in the cement hydration products to 
form insoluble CaSO4. This reaction consumes the 
cement’s alkaline reserves, progressively reducing 
the pH of the pore solution and destabilizing the 
C-S-H gel framework. The resulting loss of alka-
linity accelerates matrix dissolution and compro-
mises the structural integrity of the cementitious 
system. Calcium sulfate may be further converted 
to CaSO4·2H2O, commonly known as gypsum, 
under the continuous influence of acid. This phase 

transformation is accompanied by significant vol-
ume expansion, which induces increased internal 
stress within the cement matrix. These stresses 
can lead to the formation of cracks and pores, 
thereby reducing the material’s compactness and 
mechanical properties. Additionally, the interac-
tion of acid with C–S–H can result in the substi-
tution of Ca2+ ions by SO4

2− ions, forming soluble 
compounds. This process disrupts the gel structure 
of C–S–H, thereby weakening the bonding within 
the cement matrix. These structural alterations 
diminish the effective load-bearing area of the 
material, thereby further reducing its compressive 
strength.

The compressive strength of mortar samples 
in different studies, as shown in Figure 3b, was 
further evaluated to assess the durability of the 
material [45–47, 49, 50, 52, 60]. The data anal-
ysis clearly demonstrates that UHPC consistently 
achieves superior compressive strength across 
all studies, significantly outperforming conven-
tional cementitious materials. In contrast, OPC 
consistently demonstrated the lowest compressive 
strength across all studies, with a pronounced 
decreasing trend over time [45–47, 55]. The ana-
lytical results demonstrate that UHPC maintains 
superior durability in sulfuric acid environments, 
preserving over 90% of its compressive strength 
after prolonged exposure. In contrast, OPC shows 
marked susceptibility to acid attack, exhibiting 
severe strength degradation (approximately 30% 
loss) under identical conditions. This performance 
differential highlights UHPC’s enhanced resis-
tance to chemical deterioration mechanisms. This 
finding underscores the superior performance 
of UHPC when subjected to sulfuric acid attack, 
while OPC exhibits more rapid deterioration in 
long-term acidic environments.

3.4 X-Ray diffraction analysis
To identify the corrosion products, samples 
exposed to a simulated acid environment for 
120 days were analyzed using X-ray diffraction 
(XRD). As illustrated in Figure 4, the XRD pat-
terns of UHPC, AAS, CSA, and OPC mortar sam-
ples were analyzed. The results indicate that the 
primary crystalline phases within the corrosion 
layer are gypsum, calcite, and calcium hydrox-
ide. CaSO4·2H2O formed within the matrix as a 
result of SO4

2− ion penetration. Additionally, weak 
CaCO3 diffraction peaks were detected in the XRD 
pattern, suggesting that the hydration products 
of the specimen underwent carbonation due to 
exposure to atmospheric CO2 [61]. Furthermore, 
the XRD patterns exhibited notable variations 
across the different material systems. Studies 
have demonstrated that ultra-high-performance 
concrete (UHPC) mortar possesses exceptional 
acid resistance, attributable to its dense micro-
structure and minimal porosity [62]. The detec-
tion of CaSO4·2H2O diffraction peaks confirms 
the ongoing reaction of SO4

2− with CH and C-S-H 
gels. The resulting gypsum crystals exhibit a 
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dense distribution along aggregate interface. In 
the UHPC system, SF reacts with CH—a cement 
hydration product—to form additional C-S-H.  
This secondary C-S-H phase enhances the 
interfacial bond between quartz sand particles 
and unhydrated cement, while simultaneously 
increasing the elastic modulus of the specimen’s 
surface layer. Furthermore, this reaction contrib-
utes to improved impermeability characteristics 
of the composite material. However, during acid 
exposure, the co-precipitation and growth of gyp-
sum crystals generate expansive stress within the 
matrix, ultimately inducing microcrack forma-
tion. In the AAS system, XRD analysis revealed 
that the corrosion layer consisted primarily of 
CaSO4·2H2O, with no detectable calcium alumi-
nate ferrite monosulfate phases. Given that slag 
primarily consists of calcium and silicon (approx-
imately 75%) and has a low aluminum content, 
the formation of calcium- and aluminum-rich AFt 
products is limited. Consequently, the primary 
corrosion product in the AAS system is gypsum. 
The hydration product of AAS is a C-A-S-H gel 
with a low Ca/Si ratio. The presence of gypsum 
indicates that SO4

2− has diffused into the alkali- 
activated material, leading to the dissociation 
and decalcification of the calcium-based gel. This 
observation is consistent with the gypsum dif-
fraction peak at 28.1°. Studies have demonstrated 
that sulfate attack in alkali-activated materials is 
fundamentally governed by alkaline component 
leaching. The coupled processes of SO4

2− diffusion 
and alkali ion leaching synergistically accelerate 
gel decalcification, while concurrently promot-
ing pore structure degradation in alkali-activated 
materials under acidic conditions [46]. In the 
XRD pattern of CSA mortar, the primary detected 
diffraction peaks correspond to gypsum and cal-
cite. During the early stages of CSA hydration, 
the main hydration products AFt and aluminum 
AH3. The presence of AH3 serves as an acid- 
resistant barrier, thereby retarding further corro-
sio [63]. With the continuous penetration of SO4

2−, 

the AFm phase is converted to the AFt phase. The 
accumulation of AFt eventually leads to matrix 
swelling and cracking. The XRD patterns of OPC 
mortar exhibit relatively complex changes, likely 
due to the reaction of silicate minerals in the 
cement with sulfuric acid, resulting in the forma-
tion of new compounds.

3.5 Thermogravimetric analysis
To elucidate the degradation mechanisms during 
acid attack, TGA was conducted. As illustrated by 
the differential thermogravimetric (DTG) curves 
in Figure 5a, the influence of sulfate attack on the 
weight loss peak of the hydration product (CH) 
in UHPC, AAS, and OPC materials is relatively 
minor. The differential DTG curves demonstrated 
that sulfate exposure had minimal impact on the 
dehydration peaks of CH in UHPC, AAS, and OPC 
systems, suggesting relatively stable hydration 
products under these conditions. Between 50°C 
and 200°C, the weight loss peaks showed overlap-
ping of multiple phases, mainly including gypsum, 
C-S-H gels, and AFt phases [64]. The investi-
gation into the mass loss characteristics of the 
four types of cementitious materials, as shown in  
Figure 5b, revealed significant differences. In the 
low-temperature range (100–150°C), mass losses 
followed the order: CSA (6.92%) > OPC (3.51%) > 
AAS (3.09%) > UHPC (2.32%). Conversely, in the 
high-temperature range (400–500°C), the trend 
was reversed with OPC exhibiting the highest mass 
loss (3.24%), followed by AAS (1.72%), UHPC 
(1.03%), and CSA (0.88%). The weight loss peak in 
the CSA system is more pronounced than in other 
systems, which is closely related to its material 
composition. The hydration products in the CSA 
system contain a higher proportion of AFt phases. 
As SO4

2− diffuse through the matrix, the AFt crys-
talline phases undergo transformation, leading to 
the formation of gypsum during the acid-etching  
process. This process consumes the hydration 
products and results in material structure dete-
rioration. In the UHPC system, the incorporation 

Figure 4  XRD patterns 
of UHPC, AAS, CSA 
and OPC acid etching 
layers 
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of nanoparticles refined the matrix microstruc-
ture via pore-filling effects. This microstructural 
enhancement effectively restricted SO4

2− diffusion 
within the composite, consequently decelerating 
the acid corrosion kinetics. In the AAS system, 
the alkaline activator provides sufficient alka-
line ions to effectively neutralize the acidity of 
the solution, thereby slowing down the corrosion 
reaction. Thermogravimetric analysis revealed 
consistent weight loss characteristics in the OPC 
system across all temperature stages. The initial 
mass decrease, attributable to free water evapo-
ration, was followed by more pronounced thermal 
decomposition events at elevated temperatures. 
The mass loss increases significantly with dehy-
dration of hydration products such as C-S-H and 
Ca (OH)2. At higher temperature intervals, the 
decomposition of calcium carbonate produces 
CaO and CO2, which becomes the main factor in 
mass loss. As shown in Figure 5c, UHPC and CSA 
have the least CH content after 120 days sulfuric 
acid corrosion. This is because secondary hydra-
tion occurs between supplementary materials and 
CH, consuming CH to form gels. More gels make 
the structure denser, thus enhancing corrosion 
resistance. These findings elucidate the distinct 
acid corrosion resistance mechanisms among 
the investigated material systems (UHPC, AAS, 
CSA, and OPC), revealing fundamental structure- 
performance relationships under acidic conditions.

3.6 Infrared spectroscopy analysis
Fourier transform infrared spectroscopy (FTIR) was 
employed to characterize four mortar specimens 
following 120-day immersion in simulated acidic 
solutions. The FTIR spectra of each sample are pre-
sented in Figure 6. FTIR spectral analysis revealed 
a characteristic absorption band at approximately 
978 cm−1 across all samples, indicating the for-
mation of polymerized silicate network struc-
tures [65]. FTIR analysis identified characteristic 
CaSO4·2H2O vibrational peaks at 1125 cm−1 in all 
systems except AAS mortar, suggesting distinct 
sulfate phase evolution pathways among the mate-
rial groups. Notably, the UHPC specimen exhib-
ited attenuated CaSO4·2H2O vibrational peaks at  
~1125 cm−1 in FTIR spectra. This observation cor-
relates with UHPC’s dense microstructure, which 
significantly impedes SO4

2− diffusion and subse-
quent gypsum crystallization under acidic con-
ditions. The dense microstructure of UHPC is 
significantly improved through the incorporation 
of reactive volcanic ash components, including SF 
and FA. These supplementary cementitious mate-
rials participate in secondary hydration reactions, 
thereby substantially increasing matrix densifi-
cation [66]. In the CSA experimental group, the 
FTIR pattern exhibited characteristic vibrational 
peaks of calcite at 870 cm−1 and 610 cm−1. The 
antisymmetric tensile vibration of SO4

2− occurs 
at approximately 1120 cm−1, and the bending 
vibration occurs at 610 cm−1, as demonstrated by 

Figure 5  (a) DTG curves of the acid-etched layers in UHPC, AAS, CSA, and OPC samples; (b) corresponding thermograv-
imetric (TG) curves; (c) CH content (400–500°C) 
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Chang et al. [67]. The vibrational peaks of the 
CSA system are more pronounced in these two 
bands. The smooth FTIR spectra of the UHPC sam-
ples suggest a homogeneous and stable compo-
sition, with characteristic peaks predominantly 
appearing in lower wavenumber regions, such as  
975 cm−1 and 1125 cm−1. These peaks are asso-
ciated with the stretching vibrations of Si–O 
or Al–O bonds. The CSA system exhibits more 
intense vibrational peaks within these two spec-
tral bands. The UHPC samples display smooth 
FTIR spectra, indicative of a uniform and chem-
ically stable microstructure. Their characteristic 
peaks primarily occur at lower wavenumbers (e.g.,  
975 cm−1 and 1125 cm−1), corresponding to Si–O 
and Al–O bond stretching vibrations. In addition, 
the characteristic vibrational peaks of carbonation 
products appeared at 1680 cm−1 and 1432 cm−1 in 
the FTIR profiles of the four collodion materials, 
which suggest secondary carbonation occurred of 
the materials during the acid etching process.

3.7 Mercury intrusion analysis
The influence of acid exposure on pore structure 
evolution in mortar specimens was revealed by 
Mercury Intrusion Porosimetry results, as illus-
trated in Figure 7. The results demonstrate that acid 
exposure alters the pore structure of all specimens; 
however, the response varies significantly among 
different materials in terms of pore size distribu-
tion and porosity evolution. As depicted in Figure 
7a, the UHPC samples are predominantly charac-
terized by the presence of minute pores with sizes 
less than 10 nm. This pore size distribution is in 
stark contrast to that observed in the AAS, CSA, 
and OPC samples, which exhibit a significantly 
higher proportion of larger pores. The measured 
total porosity values, as shown in Figure 7b, were 
8.6% for UHPC, 23.86% for AAS, 34.13% for CSA, 
and 25.02% for OPC. These results demonstrate 
that the UHPC system exhibits significantly lower 
porosity compared to the other cementitious mate-
rials. The lower water-to-cement ratio, combined 

Figure 7  (a) Pore structure evolution of the acid-etched layers in UHPC, AAS, CSA, and OPC samples; (b) Pore structure 
distribution of the acid-etched layers in UHPC, AAS, CSA, and OPC samples 

Figure 6  Infrared 
spectra of acid etching 
layer of UHPC, AAS, 
CSA and OPC samples 
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with the pozzolanic reaction facilitated by FA and 
SF, contributes to a more compact matrix structure. 
This structural compactness effectively inhibits 
the diffusion of SO4

2− and enhances the materi-
al’s durability in acidic environments [68]. In the 
CSA system, gypsum formation was partially sup-
pressed owing to the limited availability of Ca 
(OH)2. Nevertheless, hydration-derived calcite was 
predominantly located in the interfacial transition 
zone and aggregate periphery, where acicular cal-
cite crystals contributed to pore structure refine-
ment. The extended immersion period enhances 
SO4

2− diffusion, catalyzing the conversion of gyp-
sum to AFt. The associated volumetric expansion 
generates microcracks, thereby increasing the over-
all porosity of the system [59]. The AAS system 
develops a three-dimensional network gel structure 
through depolymerization and polycondensation 
reactions of silica-alumina rich glassy phases under 
high alkalinity. The significant heat release during 
this reaction induces chemical shrinkage, which 
may lead to microcrack formation within the pore 
structure [45]. During acid leaching, SO4

2− migrates 
through microcracks, resulting in the dissolution of 
matrix hydration products and consequent dete-
rioration of the pore structure. In the OPC sys-
tem, acidic attack reacts with Ca (OH)2 and C-S-H 

phases, generating soluble compounds and CaSO4. 
This chemical transformation disrupts the original 
solid framework and induces secondary porosity. 
As the reaction proceeds, the fine pores coalesce or 
expand, resulting in an increase in pore size [45]. 
Furthermore, the continuous acidic attack produces 
gypsum, whose associated volumetric expansion 
induces internal stresses within the cementitious 
matrix. These stresses accelerate crack propagation 
and pore formation, ultimately compromising the 
mechanical performance and long-term durability 
of the cement-based materials.

3.8 Microscopic morphology
The acid-etched layers of four cementitious mate-
rials (UHPC, AAS, CSA, and OPC) exposed to a 
simulated acid environment for 120 days were 
analyzed by scanning electron microscopy (SEM) 
and energy-dispersive spectroscopy (EDS), as 
shown in Figures 8 and 9. A comparison of the 
microstructures and chemical compositions of 
these materials reveals variations in their dura-
bility when exposed to acidic solutions. UHPC 
exhibited optimal durability, as evidenced by 
low-magnification images showing that its matrix 
structure remained intact and dense. The high 
content of silicon (Si) and oxygen (O) elements 

Figure 8  SEM of four cementitious materials under simulated acid erosion 
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correlates with the C–S–H gel generated by the 
pozzolanic reaction. This gel fills the pores and 
reduces the diffusion rate of SO4

2−. Additionally, 
pin-rod-like calcite crystals were observed grow-
ing from the interior outward within the pores. 
They act as a pore-blocker, reducing the ingress of 
SO4

2− ions and mitigating sulfate attack, and they 
help arrest microcracks, preventing their propa-
gation. In contrast, AAS and CSA exhibited lower 
durability, with visible cracks and pores. Notably, 
CSA displayed more pronounced cracks and pores, 
indicating weaker corrosion resistance in acidic 
environments. In AAS, the formation and aggre-
gation of the corrosion product ettringite (AFt) 
lead to matrix swelling and cracking. In CSA, the 
formation of numerous needle-and-rod-shaped 
calcium aluminate and gypsum crystals induces 
a volumetric expansion effect, which disrupts 
the matrix structure [59]. OPC exhibits the poor-
est durability, with severe damage to the matrix 
structure. This includes widespread cracking, a 
significant reduction in the cementing effective-
ness of the hardened cement paste, and the for-
mation of gypsum crystals, which further weakens 
the interface between the cementitious matrix and 
the aggregate. These factors collectively lead to 
substantial structural deterioration [69]. EDS anal-
ysis revealed that the corrosion products primarily 
contained calcium (Ca), sulfur (S), oxygen (O), alu-
minum (Al), and silicon (Si) elements, confirming 
the formation of gypsum crystals. In terms of ele-
mental distribution, the high content of Si and O 
in UHPC enhances its durability [70]. In contrast, 
AAS and CSA exhibit significant enrichment of S 
around cracks, indicating that the acidic solution 
penetrates through microcracks and exacerbates 
the corrosion process [71]. The elemental distribu-
tion of Ca, S, O, Al, and Si in OPC further confirms 

the formation of gypsum crystals, which weakens 
the structural integrity of the material.

4 Conclusions

In the present work, the performance of UHPC, 
AAS, CSA, and OPC specimens was evaluated by 
replacing biological acids with simulated acids. 
The specimens were subjected to comprehensive 
analysis, including visual assessment, physi-
cal testing, mechanical property evaluation, and 
microstructural analysis. The corrosion mecha-
nisms of these four cementitious materials under 
acid exposure were investigated, offering valuable 
insights for the long-term operation and mainte-
nance of wastewater treatment facilities. The fol-
lowing are the primary conclusions:

(1)	 After 120 days of exposure to the simulated 
acid environment, the UHPC mortar still 
maintained a good appearance with no peel-
ing in the edge areas and no visible cracking. 
In contrast, OPC mortar showed significant 
surface roughening, while AAS and CSA mor-
tars showed significant cracks and holes after 
120 days of immersion in the acid solution.

(2)	 After 120 days of exposure to the simulated 
acid environment, the appearance, mass loss, 
and erosion coefficient of the UHPC mortar 
specimens exhibited minimal deterioration 
and were superior to those of the other three 
cementitious materials. Specifically, the mass 
loss and erosion coefficient of UHPC mortar 
were controlled within 0.17% and 92.46%, 
respectively, which were 95.15% and 27.19% 
lower than those of OPC mortar.

(3)	 After 120 days under simulated acidic condi-
tions, the four cementitious materials exhibited 
distinct degradation patterns and corrosion 

Figure 9  EDS of four cementitious materials under simulated acid erosion 
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mechanisms. UHPC showed the best sulfate 
resistance due to its dense microstructure and 
low pore volume. AAS and CSA cements, with 
moderate mesoporous structures, demonstrated 
good acid resistance. OPC had the poorest dura-
bility. AAS degraded via calcium aluminate 
hydrate decomposition, while CSA’s corrosion 
was mainly determined by ettringite stability. 
UHPC’s superior performance indicates its 
potential as a high-performance material for 
sewage disposal engineering.
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